Frontiers in Secretion Research
In eukaryotic cells, newly synthesized proteins and polysaccharides destined for export to the cell surface or transport to the lytic compartment (vacuoles or lysosomes) are made, assembled, processed, and packaged in an elaborate series of specialized membrane-bound compartments. These include the endoplasmic reticulum (ER), Golgi apparatus (Golgi), and their associated vesicles, tubules, and transition elements. The individual compartments of this system, referred to collectively as the secretory system, are no longer defined exclusively in morphological terms but are also defined by the components that comprise them. The exchange of these components and the transport of cargo (proteins and polysaccharides) between different compartments are mediated by vesicles. This discontinuous mode of transport implies that budding, fission, transport, and fusion of membrane vesicles will occur. Fusion of vesicles is not a random event and happens only after the correct targeting of a vesicle to its proper destination.
Vesicle transport has two important roles: the maintenance of the organelles, each with its own complement of biosynthetic enzymes and other proteins for the proper functioning of that compartment, and the correct delivery of macromolecules to specific destinations. We now realize that vesicle transport is not one way: all forward (anterograde) traffic must be matched by a return (retrograde) traffic of equal magnitude, or the organelles will rapidly lose their identity and contain components that do not belong there.
Recent progress in the field of protein sorting and vesicle traffic was the subject of a conferencesponsored by the American Society for Cell Biology in conjunction with NATO and organized by John Bergeron, Kathryn Howell, and D. James Morr6, the doyen of plant Golgi research (Mollenhauer and Morré, 1966) . The meeting was held at the Airlie House Conference Center in Airlie, Virginia, from May 9 to 13, 1992 . Secretion research has blossomed in the last few years as a result of the development of biochemical techniques to assay vesicle transport in cell-free systems and permeabilized cells, the application of genetics to protein secretion and sorting in the yeast Saccharomyces cerevisiae, and the use of molecular techniques that allow genes to be isolated on the basis of limited sequence identity. The application of these three approaches to the field of vesicle transport has resulted in a veritable explosion of new information.
What are the questions that this small army of cell biologists is trying to answer? The main problems being addressed concern the regulation of protein targeting, vesicle formation and fusion, and vesicle trafficking. For instance, what information allows a protein to be delivered to or retained within the correct compartment? Why do Golgi enzymes stay in the Golgi, and tonoplast enzymes proceed to the tonoplast but not to the plasma membrane? How are vesicles and their protein coats formed? Do vesicles form as a result of the action of cytosolic proteins on the membrane, or do they form by themselves and are later coated by cytosolic proteins? How are vesicles targeted correctly? If vesicles contain vacuolar proteins, how do they "know" that they are supposed to dock at and fuse with the tonoplast and not with the plasma membrane? Finally, how is the intensity of traffic regulated so that retrograde traffic matches anterograde traffic and the identity of the organelle is maintained?
lnto the ER via a Peptide-Gated Channel
All proteins that enter the secretory system do so by virtue of an N-terminal or interna1 signal sequence, and Gijnter Blobel (Rockefeller University) briefly reviewed the now familiar signal sequencel signal recognition particle/receptor story. When the signal recognition particle is bound to the signal peptide emerging from the ribosome, the complex recognizes the docking protein, which is an integral ER membrane protein. The signal recognition particle is discharged, leaving the signal peptide free to interact with the ER membrane. The question of how the nascent polypeptide passes through the membrane of the ER remains unanswered. Two theories to explain the passage of a polypeptide through the membrane of the ER have been proposed. The first theory says that after the signal recognition particle interacts with its receptor and is released from the signal sequence, the hydrophobic portion of the signal sequence dissolves in the lipid bilayer and the nascent polypeptide chain starts threading its way through the membrane. The second theory, favored by Blobel, invokes the presence of a membrane protein that forms a peptide-gated channel.
In a peptide-gated channel the presente or absence of the peptide is thought to regulate the opening or closing of the channel. To investigate the properties of such putative channels, rough microsomes were allowed to fuse with a planar lipid bilayer, and transport of ions across the bilayer was monitored electrically. The conductance of such a system is initially low but increases rapidly after addition of the drug puromycin. The interpretation is that puromycin "unplugs" the polypeptide 
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The channel can also be opened by the addition of synthetic signal peptides.
channels by prematurely terminating the nascent polypeptide chains, thereby allowing them to detach from the ribosomes. However, as shown in Figure 1 , the ribosomes have to remain attached to the membrane to maintain the channels in an open configuration. With low concentrations of puromycin (0.3 pM), it is possible to see a single channel being opened at a time, with an increase in conductance of 220 pS. Because closed channels can be opened by adding synthetic signal peptides to the ribosome binding side of the membrane, the signal sequence has been postulated to serve as the ligand for opening of the channel.
Retention in the ER
Only a few of the proteins that enter the lumen of the ER remain there, and these Many proteins that pass through the secretory system contain disulfide bonds, and correct disulfide bond formation is catalyzed by PDI. To find out what happens if disulfide bond formation is prevented, lneke Braakman (from the laboratory of Ari Helenius at Yale University) allowed mammalian cells to synthesize influenza hemagglutinin in the presence of dithiothreitol (DTT). In the presence of DTT, newly synthesized hemagglutinin remained in the ER, probably in an unfolded state, and failed to form the usual trimers. Removal of the DTT caused the hemagglutinin tofold and to proceed to the Golgi. This manipulation of the redox atmosphere of the ER allowed her to delay protein folding and study folding independently of translation and translocation. Folding also required ATP; in the absence of ATP, hemagglutinin aggregated into disulfide cross-linked complexes. This clever trick will probably find widespread application by those wishing tostudy folding or the fate of malfolded proteins.
Small GTP Binding Proteins
The important role of small GTP binding proteins for transport through the secretory system was discussed by William Balch (The Scripps Research Institute) and by many subsequent speakers. Many different cellular functions in eukaryotic MEETING REPORT cells are regulated by proteins that undergo a cycle of GTP binding and hydrolysis. In addition to the well-known peptide elongation factor and the heterotrimeric GTP binding proteins that couple plasma membrane receptors to their effectors, a large family of small monomeric GTP binding proteins has recently been discovered (see Balch, 1990) . The members of this family, called the ras superfamily, share relatively low sequence identity (30%) but have four conserved sequence motifs that comprise the guanine nucleotide binding domain and are critical for GTP/GDP binding, GDP exchange, and GTP hydrolysis. These conserved motifs make it possible to clone small GTP binding proteins using the polymerase chain reaction (PCR).
The initial insight into the role of these proteins in transport through the secretory system came from the analysis of temperature-sensitive yeast secretion mutants such as sec4, in which post-Golgi vesicles accumulate at the restrictive temperature. Cloning of the SEC4 gene indicated that it encodes a typical, small GTP binding protein with the four conserved sequence motifs. The small GTP binding proteins ali contain a C-terminal CC or CXC motif that is likely to be fatty acylated or polyisoprenylated so that the protein can be anchored in the membrane. The proteins in this family are synthesized as soluble precursors but become reversibly associated with membranes and transport vesicles when GTP is bound to them. It is likely that each vesicle transport step requires adifferent GTP binding protein. Many mammalian homologs of the yeast proteins have been described, and more than a dozen small GTP binding proteins have now been implicated directly or indirectly in vesicular transport. Each protein has a unique distribution in the cell consistent with its role in a particular vesicle transport step (Balch, 1990) . How these proteins work is discussed in the next section.
In Vitro Systems to Study Transport through the Golgi
That vesicles bud, are transported, and fuse with aspecific membrane is no longer only inferred from electron micrographs A vesicle bud is formed and becomes coated with coatomers and ARF (ADP ribosylation factor) recruited from the cytosol. Formation of the coat is prevented by brefeldin A, a drug that inhibits transport. The vesicle buds off and is targeted to its destination, where it uncoats. Uncoating is prevented by GTPyS, and this inhibition also stops transport. The final fusion step is catalyzed by NSF (N-ethylmaleimide-sensitive factor), a homolog of the yeast SEC18 protein.
but has been demonstrated in vitro with isolated organelles. Much of the early work demonstrating the involvement of cytosolic proteins in vesicle budding, fission, targeting, and fusion was done in the laboratory of James Rothman (Sloan-Kettering Institute). Rothman and collaborators showed severa1 years ago that when Golgi stacks isolated from mammalian cells are incubated with cytosolic proteins and ATP, numerous coated vesicles measuring 75 nm in diameter are formed from every cisterna. These vesicles contain the protein that is being transported, also called the cargo protein. Figure 2 shows that when the vesicles are budding they have a proteinaceous coat that is assembled from subunits present in the cytosol. After docking at a cisterna, and just prior to fusion, the vesicles are uncoated and the coat proteins disperse again in the Two types of coats have been identified in transport vesicles. First to be discovered were the clathrincoated vesicles that are involved in endocytosis in plant and animal cells and that also mediate transport between the trans-Golgi network (TGN) and endosomes in animal cells and between the TGN and vacuoles in plant cells. Clathrin-coated vesicles carry a coat of clathrin triskelions whose attachment to the vesicles is mediated by proteins called adaptins. The adaptins are the major proteins of the adaptor complexes that carry the information determining which receptors and ligands are sorted in which transport vesicles. The vesicles that transport proteins from the ER to the Golgi and between the different Golgi compartments lack a clathrin coat. Instead, they are coated by COPs (Coat Eroteins), which have sequence identity with adaptins, and ARFs @DP Ribosylation Eactor), a class of small GTP binding proteins. The coats are assembled on the surface of the budding vesicle from precursors, called coatomers, present in the cytosol.
To demonstrate unequivocally that a vesicle fuses with a new compartment in vitro, it is essential to show that the cargo protein is modified by new enzymes that cytosol.
are absent from the leaving compartment but present in the arrival compartment. "Transport-coupled glycosylation" is the term for an assay Rothman and colleagues invented to demonstrate that vesicle fusion with a new Golgi cisterna has occurred. In these in vitro assays, the Golgi compartment from which the vesicles form contains cargo protein and lacks N-acetylglucosamine (GlcNAc) transferase I, which catalyzes the transfer of GlcNAc to the cargo protein, whereas the arrival compartment has this enzyme. lncorporation of [3H]-GlcNAc from UDP-[3H]-GlcNAc in vitro into the cargo protein can therefore be taken as evidence that vesicle budding, transport, and fusion have occurred. Various speakers described other in vitro transport systems that used isolated organelles or permeabilized cells and allowed them to assay the function of purified cytosolic proteins in specific transport steps.
Iansportcoupled glycosylation between different compartments of mammalian Golgi is blocked by GTPyS, a non-hydrolyzable GTP analog. Rothman described the following scenario for the role of GTPyS in blocking vesicle transport and transport-coupled glycosylation. The small GTP binding protein ARF has been shown to associate reversibly with Golgi membranes and Golgi vesicles of mammalian cells. When theGDP/GTP binding site of ARF is occupied by GDP, the protein is soluble in the cytosol, but when the site is occupied by GTP the protein is membrane associated. This membrane association is mediated by the myristylated C terminus. In the presence of GTPyS, vesicle budding continues and proteincoated vesicles build up in the cytoplasm. However, uncoating requires GTP hydrolysis, and when GTPyS occupies the GTP binding site, GTP hydrolysis, uncoating, and subsequent fusion of the vesicle with its target membrane cannot occur. As a result, the whole vesicle budding/fusion cycle illustrated in Figure 2 comes to a halt (see also Rothman and Orci, 1992) .
Vesicle uncoating and fusion in mammalian cells require yet other cytosolic proteins, including an N-ethylmaleimidesensitivefactor (NSF), a76-kD protein with two ATP-binding motifs, and proteins called SNAPS that mediate the binding of NSF to an NSF receptor in the Golgi membrane. NSF and its yeast homolog, SEC18, have been shown to function in multiple vesicle fusion events in mammalian and yeast cells, suggesting that certain components of the fusion apparatus are common to severa1 transport pathways.
The beauty of the approach pioneered by Rothman's lab and now carried out in many other laboratories is that vesicular transport can be studied in vitro with the tools of biochemistry. It is possible to purify the cytosolic proteins that are involved in these enzyme-catalyzed reactions, characterize them, and clone the genes that encode them. The mammalian proteins that have been purified have homologs in yeast and in plants, and rapid progress in this field is possible by combining yeast genetics with biochemistry and organelle isolation. For example, one family of small GTP binding proteins, known as YFTs, was first identified in yeast and has now been cloned from plants using the PCR approach; however, uncovering the function of individual proteins isvery difficult because thegenomecontains numerous YPT-like genes and no functional assays for these proteins are available.
What is needed is an in vitro or permeabilized cell system to study vesicle transport. Such systems are available for yeast and mammalian cells but not for plant cells. The abundance of proteases in the central vacuole of plant cells makes this a challenging undertaking. However, the isolation of an Arabidopsis mutant that is defective in glycosylation and appears to lack GlcNAc transferase I, described by Maarten Chrispeels (University of California, San Diego), should make it possible to use plant Golgi for transportcoupled glycosylation experiments and to set up a functional assay for plant cytosolic proteins involved in vesicular transport.
Brefeldin A, the New Wonder Drug
An imbalance in the magnitude of membrane input into and exit from an organelle such as the Golgi has profound consequences for its size and identity. Much of our understanding of the importance of balancing bidirectional membrane traffic has come from studying the effects of the funga1 metabolite brefeldin A (BFA) on protein secretion and on the ultrastructure of the secretory system. The exciting new discoveries in this field were discussed by Richard Klausner (National lnstitutes of Health).
When mammalian cells are treated with BFA, protein transport out of the ER is inhibited, indicating that BFA acts at an early step in the secretory pathway. Biochemical characterization of the ER-retained proteins whose progress is reversibly blocked by BFAshows that they have been processed by Golgi but not by TGN enzymes; in addition, in the presence of BFA, normal ER residents also show evidence of Golgi processing. The cytological basis of these biochemical findings has now been elucidated (see Klausner et al., 1992, for review). The earliest (<30 sec) reported effect of BFA is the release of PCOP from the non-clathrin-coated buds of the Golgi cisternae. Shortly thereafter the Golgi apparatus begins to break down as the individual cisternae are converted into membrane tubules that extend along microtubules toward the cell center, where they fuse specifically with the ER. This fusion, which allows typical Golgi glycan processing enzymes such as mannosidase II and galactosyl transferase to redistribute into the ER, explains the BFAinduced processing of ER proteins by Golgi enzymes.
Although the membranes of the TGN and endosomes also develop tubular extensions in the presence of BFA, they do not fuse with the ER. Instead, they fuse exclusively with each other, thereby disrupting traffic between endosomes and lysosomes but not cycling between endosomes and the plasma membrane. All of these BFA-induced changes, which are MEETING REPORT readily reversible, have been interpreted as evidence that BFA accelerates normally occurring processes: the retrograde transport of vesicles from the Golgi to the ER and the recycling of the endosomal system. In plants, BFA also appears to inhibit protein transport out of the ER, but, as reported by Andrew Staehelin (University of Colorado), no breakdown of Golgi stacks occurs. Instead, in plant cells, BFA causes the formation of large clusters of Golgi stacks, an increase in the number of trans-Golgi cisternae, and the accumulation of dense, xyloglucan-rich secretory vesicles that appear to be derived from the trans-Golgi cisternae. The physiological basis for the different response patterns of the Golgi apparatuses of plant and animal cells remains to be elucidated.
Functional Compartmentation of the Plant Golgi
The basic organization of the secretory system appears to be the same in all eukaryotic cells. Yet there are important structural and functional differences between yeast, mammalian, and plant cells. For example, yeast cells have only a few, barely recognizable Golgi cisternae stacks, whereas many mammalian cells have a large, perinuclear Golgi apparatus with eight to 12 laterally interconnected stacks. Plant cells, on the other: hand, may have as many as 500 small Golgi stacks distributed all'over the cytoplasm. Furthermore, there are also important biochemical differences. The Golgi of plant cells is not only engaged in the modification and packaging óf glycoproteins but is also heavily committed to the biosynthesis and transport of noncellulosic polysaccharides (Ray et al., 1969) .
Biochemical, histochemical, and immunocytochemical studies have shown that the mammalian Golgi is composed of four types of cisternae: cis, medial, rrans, and TGN, which differ in their positions in the stack and the abundance of specific enzymes. Using a battery of antibodies against glycan epitopes on glycoproteins and noncellulosic polysaccharides, Andrew Staehelin presented evidence that the plant Golgi is similarly compartmentalized. Staehelin and colleagues showed that the backbone of pectic polysaccharides (polygalacturonic acidlrhamnogalacturonan I) is assembled in cis and medial cisternae; methylesterification of the carboxyl groups occurs in medial cisternae and the addition of arabinose-rich side chains in trans cisternae. The picture is quite different for xyloglucans. The glucan backbone of these polymers is assembled in rrans cisternae, and the addition of fucose to the trisaccharide side chains occurs in rrans cisternae and the TGN. In root tips the Golgi stacks are both structurally and functionally retailored in a cell type-specific manner to meet the secretory needs of the different tissues (Lynch and Staehelin, 1992) . This finding may help explain why it has been so difficult for plant researchers to subfractionate the different cisternae of Golgi stacks.
From the TGN to Lysosomes and Vacuoles
The TGN serves as the compartment that sorts and packages proteins and lipids that leave the Golgi for other destinations in the cell. In mammalian cells, the enzymes of the TGN carry out "late" glycan modification events and refurbish glycan chains on glycoproteins that are recycled from the cell surface. Kathryn Howell (University of Colorado Medical Center) reviewed current research on TGN38, one of the very few TGN marker proteins identified to date. This mammalian transmembrane glycoprotein contains a TGN localization signal in its cytoplasmic tail, and GTP binding proteins most likely regulate its cycling to the plasma membrane. Transport of proteins from the TGN to lysosomes occurs via late endosomes and is mediated by clathrin-coated vesicles. Correct targeting of lysosomal enzymes depends on three different enzymelreceptor systems. First, two Golgi enzymes convert the high-mannose glycans on the lysosomal enzymes into mannose-6-phosphate (M6P) groups; second, M6P receptors that cycle between the TGN and the late endosomes deliver lysosoma1 enzymes to the endosomes; and third, a newly discovered receptor system mediates transport from endosomes to lysosomes.
Stuart Kornfeld (Washington University) compared the secretory fates of cathepsin D, a lysosomal glycoprotein, and the related secreted protease pepsinogen (with engineered glycosylation sites). When the mRNAs of these homologous proteins are injected into Xenopus oocytes, cathepsin D acquires M6P groups in the Golgi and is then targeted to the lysosomes; the glycans of glycopepsinogen, on the other hand, remain unmodified, and pepsinogen is secreted. This means that cathepsin D has specific amino acid residues or domains that allow the glycan modifying enzyme(s) to interact with it, and these same domains are absent from glycopepsinogen. By mixing and matching and cutting and pasting domains of two proteins, Kornfeld and his associates were able to show that Lys-203 and a short loop (amino acids 265 to 292) at the surface of cathepsin D are sufficient for the interaction of this protein with the enzymes that modify its glycans to produce M6P Evidence for a nove1 receptor for endosome-to-lysosome transport of lysosomal enzymes was presented by Anne Erickson (University of North Carolina), who found that pro-enzyme forms of lysosomal enzymes bind to microsomal membranes from freeze-thawed, saponin-treated microsomal vesicles at pH 5.0 and elute at pH 10.5. This binding is saturable and can be competed away with a synthetic peptide that corresponds to a portion of the pro-domain of the lysosomal enzyme. The pro-domains of lysosomal enzymes are characterized by a short motif that includes a serine residue, severa1 positively charged amino acids, and a bulky, hydrophobic amino acid. Using ligand blots, she was able to identify a 43-kD protein that binds to purified pro-cathepsin L.
Juliet Butler and Thomas Kirsch, from
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the laboratory of Leonard Beevers (University of Oklahoma), reported on the characterization of clathrin-coated vesicles from pea cotyledons. These vesicles, which are thought to carry cargo proteins from the TGN to the vacuoles or to a prevacuolar compartment that is equivalent to the late endosomes of mammalian cells, contain lectin and legumin precursors. These precursors have not yet undergone proteolytic maturation, an event that normally occurs in the protein storage vacuoles (protein bodies). The clathrincoated vesicles of pea seeds contain adaptins as part of their coats, and they are uncoated by a cytoplasmic 70-kD ATPase that is similar in size to an hsp70 protein identified as being involved in uncoating in mammals and yeast. Developing legume seeds are known to be rich in hsp70 homologs, and it is likely that one of these homologs has a role in the uncoating of transport vesicles.
Sorting Domains on Plant Vacuolar Proteins
Most vacuolar proteins in plants are transported into the vacuoles via the secretory system and are synthesized as preproteins with signal peptides that are removed cotranslationally as the proteins enter the ER. Additional proteolytic processing, including the removal of C-terminal, N-terminal, or interna1 prodomains, may occur after the proteins have reached the vacuole. Vacuolar sorting information for proteins that lose a pro-domain appears to be contained in the pro-domain itself, as demonstrated for pro-barley lectin, pro-chitinase, prosporamin, and pro-aleurain. Relatively short sequences are both necessary and sufficient for targeting of vacuolar proteins in plants (Chrispeels and Raikhel, 1992) . Jim Dombrowski, from Natasha Raikhel's laboratory (Michigan State University), reported that short hydrophobic sequences (e.g., AAAA) are able to substitute for the C-terminal pro-domain of pro-barley lectin and are sufficient to target barley lectin to the vacuoles of tobacco cells. Whether such short hydrophobic tails are also sufficient to target nonvacuolar proteins to the vacuole remains to be determined. The problem is that there are no really good reporter proteins with which to conduct such studies. The ideal reporter protein should not be a secretory protein (secreted or vacuolar), should be transport competent after it enters the secretory system, and should be stable in the protease-rich vacuolar environment. Dombrowski also presented immunocytochemical evidence obtained with transgenic plants that individual transport vesicles can contain proteins with C-termina1 sorting signals (pro-barley lectin) and N-terminal signals (pro-sporamin). Whether this means that both signals are recognized by the same receptor, or that different receptors can be sorted in a single vesicle, remains to be determined.
The situation appears to be considerably more complicated for proteins that do not undergo the loss of a pro-domain. In these proteins, sorting information must of necessity be contained in the mature portion of the protein. Maarten Chrispeels presented evidence that a large loop at the surface of the phytohemagglutinin molecule, when fused to yeast invertase, is sufficient to target this enzyme to the vacuole. The absence of amino acid identities between the sorting domains of different vacuolar proteins suggests that general structural features (e.g., the presente of charged or hydrophobic amino acids or the presence of a tight turn in a loop) may be more important for interaction with the putative receptors than the identity of individual amino acids.
How Are Vesicles Sorted from a Default to an Alternative Pathway?
Correct targeting of vacuolar proteins requires two types of sorting. The proteins must first be sorted in the TGN and packaged in transport vesicles separately from proteins that are destined to be secreted. Subsequently, these transport vesicles must be targeted to their correct destinations, such as the tonoplast or vacuolar membrane. To understand which proteins may be involved in this process, it is possible to use a genetic approach and characterize the genes altered in mutants that mistarget (i.e., secrete) vacuolar proteins.
Such vacuolar protein sorting or vps mutants have been isolated in the laboratory of Scott Emr (University of California, San Diego), who reported on the characteristics of two yeast mutants, vpsl5 and vps34. The VPS15 gene encodes a 170-kD protein kinase that has a myristate residue to anchor the protein to the membrane; point mutations in the kinase domain of VPS15 cause yeast cells to secrete carboxypeptidase Y rather than to transport the enzyme to the vacuole. VPS15 forms a complex with VPS34, a 105-kD protein whose mammalian homolog converts phosphatidylinositol to phosphatidylinositol3phosphate. Because overexpression of VPS34 suppresses mutations in the protein kinase domain of VPS15, Scott Emr proposed that intracellular sorting pathways may utilize protein phosphorylationl dephosphorylation as a molecular switch to actively divert proteins from a default pathway (e.g., secretion) to an alternative destination (e.g., the vacuole).
How secretory vesicles may be able to recognize the plasma membrane of yeast cells was the subject of a presentation by Peter Novick (Yale University). In yeast, 10 SECgenes have been identified whose products regulate vesicle traffic from the Golgi to the plasma membrane. One of these late-acting SEC genes encodes a small GTP binding protein (SEC4p) that associates reversibly with secretory vesicles. Mutations in SEC4 disrupt Golgito-plasma membrane traffic without affecting other vesicle pathways, suggesting that SEC4p is a step-specific, rather than a general, vesicle transport protein.
Genetic evidence shows that SEC4p ,interacts with the proteins encoded by SECP, SECB, and SEClh One-fourth of all SEC15p is peripherally associated with the plasma membrane in a 20s particle that MEETING REPORT Figure 3 . How a Vesicle Recognizes Its Target, the Plasma Membrane.
The numbers refer to the SECgenes in yeast. X and Y are hypothetical, as-yet-uncharacterized components of the docking complex. also contains SEC8p. Novick postulated that this particle acts as an effectorldocking complex for vesicles that carry SEC4p on their surface, as illustrated in Figure  3 . This interesting idea gets us quite a bit closer to understanding how the specificity of vesicle fusion may be regulated in cells, and the availability of the sequences of these yeast proteins opens the door for the isolation of similar genes from plants.
1s the Tonoplast the Default Destination for Membrane Proteins in Yeast and Plants?
A small number of plasma membrane and tonoplasi(vacuo1ar membrane) proteins have been identified in plant cells, and we can now begin to ask how they are sorted. Because tonoplast and plasma membrane proteins contain complex N-linked glycans, it is safe to assume that these proteins are transported by the secretory system. In mammalian cells, the plasma membrane is a default destination for, both soluble and integral membrane proteins. Once proteins have entered the secretory pathway, they go to the plasma membrane (via the Golgi apparatus). From there they can be internalized again through endocytosis and can return to various intracellular compartments. Lysosoma1 membrane proteins of mammals utilize this circuitous route to reach their destination. They go first to the plasma membrane and from there are transported to the lysosomal membrane; this targeting requires information in the cytoplasmic tail as well as in the transmembrane domain (Peters et al., 1990) .
How do proteins get to the tonoplast in yeast and plants? By swapping domains of two membrane-bound enzymes, Steven Nothwehr (laboratory of Tom Stevens, University of Oregon) was able to show that in yeast the tonoplast is adefault destination for integral membrane proteins. Dipeptidyl aminopeptidase A (DPAP-A) of yeast is a Golgi-retained membrane protein, whereas the related enzyme DPAP-B is a tonoplast protein. 60th enzymes have single membrane-spanning domains. No single domain (cytoplasmic, transmembrane, or lumenal) of DPAP-B seems to be required for transport to the tonoplast, although the transmembrane domain (or any other transmembrane domain) is necessary to anchor it in the membrane. Mutations in the cytoplasmic tail of DPAP-A, on the other hand, cause the enzyme to proceed to the tonoplast instead of being retained in the Golgi, without ever being found on the plasma membrane.
Together, these results support the conclusion that in yeast the tonoplast is a default destination for integral membrane proteins. The possibility that the tonoplast is a default destination in plant cells was raised by Maarten Chrispeels, who showed that the sixth transmembrane domain of tonoplast intrinsic protein (TIP) contains sufficient information to target a reporter protein (phosphinotricine acetyltransferase) to the tonoplast of tobacco cells (Hofte and Chrispeels, 1992) . If these data for yeast and plants are found to be more generally true, then we would have to conclude that in these organisms transport of proteins to the plasma membrane requires specific targeting information.
Golgi Trafficking Requires a Specific

Ratio of Phosphatidylcholine to Phosphatidylinositol Lipids
It has been well established that individual membrane compartments have unique phospholipid and glycolipid compositions, justas they have unique protein compositions. This means that lipids must also be sorted quite specifically in the same way that proteins are sorted. But how is this lipid composition regulated? Vytas Bankaitis (University of Illinois, UrbanaChampaign) and coworkers have shown that the yeast SEC14 gene encodes the phosphatidylinositol (P1)lphosphatidylcholine (PC) transfer protein of yeast (Bankaitis et al., 1990) . The protein encoded by SECl4 colocalizes with the Golgi apparatus, and in secl4 mutants the Golgi .is dysfunctional. All these observations point to an important role for this PllPC transfer protein in secretion. In highly purified wild-type Golgi fractions the PllPC ratio is 1.4, but this ratio drops to 0.4 in the secl4 mutant. Analysis of secl4 revertants shows that they all have mutations in enzymes of the CDP-choline pathway. In other words, if the cells are unable to MEETING REPORT make PC by the CDP-choline pathway, they do not need the SEC14 protein. All these suppressor mutations cause the PllPC ratio of the Golgi to be similar to that found in the wild type. These results show that when the Golgi membranes have an aberrant PllPC ratio, secretion via the Golgi cannot proceed. Bankaitis proposed that the SEC14 protein maintains the correct PIlPC ratio of Golgi membranes not by physically transferring lipids but by sampling the PllPC ratio and regulating PC synthesis.
Can Proteins Enter the Vacuole without Going through the Entire Secretory System?
Lysosomes and vacuoles play an important role in the degradation of cellular proteins, and autophagy (macro-or micro-) provides a mechanism for the nonspecific entry of proteins into the lytic compartment. In response to the withdrawal of serum growth factors from cultured mammalian cells, lysosomes are able to take up and degrade cytosolic proteins in a highly selective manner that requires a specific peptide motif within the proteins that enter the lysosomes. Fred Dice (Tufts University School of Medicine) reviewed the evidence from his laboratory that this KFERQ motif interacts with a 73-kD peptide recognition protein (hsc72) that is a member of the hsp70 family of proteins (Dice, 1990) . Entry into the lysosome, which can be demonstrated in vitro, requires ATP as well as hsc72. Because members of the hsp70 family of proteins are important for other protein targeting events (entry into the chloroplasts and mitochondria, for example), it is possible that these proteins also catalyze the direct entry of proteins into the vacuole. Recently, two plant vacuolar proteins, pamylase and lipoxygenase, have been identified that may utilize such a direct path into the vacuole. The derived amino acid sequences of these proteins lack any evidence of a signal peptide, suggesting that they do not enter the secretory system. This mechanism for entry of proteins into lysosomes (or vacuoles) need not be restricted to proteins that are destined for breakdown but could also operate for proteins that normally accumulate in these compartments.
Autophagy is another pathway by which vacuolar proteins enter the vacuole. We normally associate autophagy with senescence and breakdown of cellular proteins. However, Gad Galili (Weizmann Institute) proposed that in wheat endosperm cells, storage proteins can be retained in the ER and accumulate in ER-derived vesicles that subsequently enter the vacuoles by autophagy. The difference between vesicular transport from the Golgi and autophagy is that after autophagy, the membrane surrounding the cargo protein ends up in the vacuole and does not fuse with the tonoplast. Galili presented evidente that the wheat y-gliadin storage protein has ER-retention signals within its N-terminal domain that cause a truncated y-gliadin protein (without its C-terminal domain) to be retained entirely in the ER of Xenopus oocytes. Such retention domains could cause y-gliadins to accumulate in ER-derived vesicles that are subsequently taken up into the vacuole. Thus, there may well be at least three routes into the vacuoles of plant cells: via the secretory system, by direct uptake, and by autophagy.
What 1s Next for Plant Secretion Research?
Plant cells are characterized by active secretory systems that synthesize and transport glycoproteins and polysaccharides. The components of the system have been well characterized with the exception of the coated vesicles (with clathrin or non-clathrin coats), about which there is still almost no information.
Transport of proteins to the vacuole requires positive sorting information in the polypeptide domain of the protein, but we do not yet know anything about the sorting mechanisms. Are receptors involved, and, if so, are they transmembrane proteins that interact with the cargo protein on one side of the membrane and with vesicle coat proteins on the other side?
To advance to the next leve1 of understanding, we need an in vitro transport or permeabilized cell system that allows the activity of individual proteins required for transport and sorting to be assayed. With such a system, we can identify the proteins that are necessary for vesicle formation and for the correct docking of vesicles. Protein kinases and small GTP binding proteins are likely to be involved. Vacuolar protein sorting mutants would also be helpful, but Arabidopsis is probably not the plant of choice for their isolation. Indeed, mis-sorting (secretion) of vacuolar proteins is probably a lethal condition and may only be nonlethal in suspension cultured cells. If the mutants are obtained by insertion mutagenesis, it should be possible to clone the genes involved .
Finally, we need markers: antibodies to and genes for Golgi enzymes. Not a single gene for a Golgi enzyme has so far been identified. The lack of any sequence identity between different glycosyltransferases in the mammalian Golgi makes PCR an unlikely approach to obtain sequences of plant enzymes; unless a clever complementation approach is found, biochemical purification of these low abundance enzymes may be the only way to go. Clearly, the small plant cell secretion community is not about to run out of work.
